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The charge-ordered insulator α-(BEDT-TTF)2I3 gradually evolves to a metal when pressure is ap-
plied, and at low temperatures the electronic bands form tilted Dirac-like cones. A metallic state with
a frequency-independent optical conductivity indicates the coexistence of the trivial and massless Dirac
electrons in the system. Our infrared investigations also reveal that at the boundary between insulating
and metallic states an energy gap opens due to correlated massive Dirac fermions, which is gradually
suppressed when pressure increases.
PACS numbers: 71.30.+h, 74.70.Kn, 71.45.Lr, 78.67.Wj
Among the class of quasi two-dimensional organic con-
ductors, α-(BEDT-TTF)2I3 is probably the most studied
compound thanks to its rich phase diagram. At ambient
conditions a pronounced and sharp metal-insulator tran-
sition is observed at TCO = 135 K [1] that eventually
was explained by electronic charge order [2]. With ex-
ternal pressure the insulator can be tuned to a zero-gap
electronic state, and even superconductivity is reached
[3]. α-(BEDT-TTF)2I3 is the first realization of a two-
dimensional multilayer massless Dirac fermion bulk sys-
tem [4]; in many aspects its properties are distinct from
two-dimensional graphene. Apart from extensive studies
on the ambient-pressure charge-ordered state [5], recently
the focus shifted to the exotic properties of the Dirac elec-
trons that occur under high pressure. The Dirac-fermion
state has been proposed via different theoretical approaches
[4, 6–9] and confirmed by various experimental methods
such as dc transport [10, 11], interlayer magnetoresistance
[12, 13], quantum Hall effect [14], optical [15, 16] and
NMR spectroscopy [17, 18].
Dirac-electron systems are subject to strong electronic
correlations due to the unscreened long-range Coulomb in-
teraction arising with the vanishing density of state around
the Dirac point [19]. The correlation strength can be con-
trolled by the Coulomb coupling constant α ≈ e2/ǫh¯vF ,
which is the ratio of the Coulomb potential and the elec-
tron kinetic energy (ǫ is the dielectric constant and vF is
the Fermi velocity). It was predicted that when α is above
some critical value, the massless Dirac electrons become
massive with a gap opening near the Dirac point [20]; a
gap size of 100 meV was indeed observed, for instance, in
graphene [21]. In α-(BEDT-TTF)2I3, vF is one order of
magnitude smaller compared to graphene [22], therefore
stronger interactions are expected, which have been exper-
imentally shown as an anomalous upturn in dc resistance
ρ(T ) [11] and spin susceptibility [18], and strongly modi-
fied vF [17].
Optical spectroscopy is well suited to study gaps in the
electronic structure and to learn about the responsible inter-
actions. The appearance of Dirac nodes in optical spectra
has been discussed for two- and three-dimensional systems
theoretically and shown experimentally on several exam-
ples [23, 24]. The situation is expected to be more complex
in α-(BEDT-TTF)2I3 due to the presence of tilted Dirac
cones [3]; nevertheless optical investigations should give
valuable insight into the nature of the Dirac state and the
role of the electron-electron interactions.
To that end we have conducted high-pressure infrared
studies on α-(BEDT-TTF)2I3 single crystals. The T -
dependent reflectivity from 100 to 8000 cm−1 was mea-
sured in a type-IIa diamond anvil cell [25] utilizing a home-
built setup [26] operating from room temperature down to
6 K. The pressure in the cell was determined for each T
in situ by the ruby luminescence method [27]. The optical
conductivity σ1(ω) is obtained via Kramers-Kronig anal-
ysis [28]. Further details regarding the samples and mea-
surements are described in the Supplemental Material [29].
Fig. 1 displays the room-temperature optical conductiv-
ity of α-(BEDT-TTF)2I3 for various pressures. The over-
all shape and absolute value of σ1(ω) measured at low-
est pressure is very similar to previous results recorded un-
der ambient conditions [15, 30], indicating the high qual-
ity and reproducibility of our experiments. The spec-
trum at p = 0.3 GPa consists of a strong mid-infrared
absorption band around 3000 cm−1 and an overdamped
Drude contribution. In addition to the electronic excita-
tions, several vibrational features are present between 400
and 1300 cm−1, originating from the electron-molecular
vibrational-coupled Ag modes [31]. Since these modes ob-
scure the electronic background, we fitted our conductivity
spectra by Drude, Lorentz, and Fano terms; an example is
given in the inset of Fig. 1(a). For the further analysis these
vibrations have been subtracted as plotted in Fig. 1(b). Be-
low 1000 cm−1 σ1(ω) becomes enhanced by pressure with
a progressive change from a broad to a narrower Drude
behavior above 0.8 GPa, suggesting a bad- to good-metal
transition, i.e. from incoherent to more coherent transport.
The mid-infrared band persists up to pressure as high as
4.0 GPa with a gradual suppression in intensity. The en-
hancement of the low-frequency σ1(ω) is in line with our
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FIG. 1. (a) Pressure-evolution of the room-temperature optical
conductivity of α-(BEDT-TTF)2I3. The inset displays the Drude-
Lorentz-Fano fit to the 0.3 GPa spectrum as an example. (b) Af-
ter subtracting the vibrational modes, σ1(ω) can be decomposed
into a Drude term and mid-infrared contributions described by
a Lorentz term. (c) Pressure dependence of the spectral weight
(SW) for both components at T = 300 K; the blue squares
(Drude) refers to the left axis, the open green dots (Lorentz) cor-
respond to the right axis.
p-dependent dc-resistivity measurements [15], suggesting
that even at room temperature the electronic state changes
with applied pressure.
To characterize the charge dynamics under pressure
quantitatively, the spectral weight of the zero-frequency
and mid-infrared bands is plotted in Fig. 1(c). With in-
creasing pressure a systematic transfer of spectral weight
occurs from high energies to the Drude component; this
trend seems to saturate above p ≈ 2GPa. The energy range
that the spectral weight transfer is observed over a large en-
ergy range is comparable to the on-site Coulomb repulsion
U ≈ 0.4 eV [7]; this is reminiscent of the behavior ob-
served in the bandwidth-controlled metal-insulator in Mott
insulators [32] and also occurs in other charge-ordered or-
ganic compounds [31, 33]. The mid-infrared conductivity
arising from transitions between the bands split by elec-
tronic correlations; the enhancement of the Drude-like re-
sponse corresponds to the overlap of the two bands that
increases with pressure [34]. Hence our room-temperature
optical studies provide strong evidence that electronic cor-
relations are important for α-(BEDT-TTF)2I3, in accord
with recent dc transport [11] and NMR measurements
[17, 18]; our findings are consistent with conclusions based
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FIG. 2. (a-d) Temperature-dependent conductivity at p = 0.8,
1.3, 1.6, and 4.0 GPa. The black arrows mark the absorption
feature due to excitations across an energy gap. In panel (d) the
bulk conductance corresponding to G(ω)/c for N = 2 and 4 is
indicated by dashed gray and dash-dotted purple lines, respec-
tively, where c ≈1.7 nm is the c-axis lattice constant [1, 36].
(e) The ambient-pressure σ1(ω) above and below the metal-
insulator transition TCO clearly shows the opening of the charge-
order gap (green arrow). (f) σ1(ω,T = 90 K) for various pres-
sures; between p = 0.8 and 1.3 GPa σ1(ω) becomes frequency
independent above 500 cm−1.
on the extended Hubbard model, which considers on-site
and inter-site Coulomb repulsion [7, 9, 35].
The T -dependent conductivity spectra are displayed in
Fig. 2 at various pressures. Previously we showed [15]
that the low-pressure regime (0-0.8 GPa at 8 K) is char-
acterized as a charge-ordered ground state at low temper-
atures: The non-zero but relatively small spectral weight
below 400 cm−1 at T = 150 K is suppressed when the
metal-insulator transition is reached at TCO with a clear
gap opening, marked by the green arrow in Fig. 2(e). On
the other hand, the temperature evolutions of σ1(ω) at
pressures above 0.8 GPa are qualitatively different. Tak-
ing the conductivity at 0.8 GPa [Fig. 2(a)], for instance,
α-(BEDT-TTF)2I3 exhibits metallic behavior with a char-
acteristic spectral weight transfer towards low energies as
T decreases, and a Drude-like response below 500 cm−1.
The energy range of this transfer (∼0.5 eV) suggests strong
modifications of the trivial bands (non-Dirac bands, pos-
sible possess parabolic dispersion) upon pressure. This
metallic behavior persists up to the maximum pressure
measured (4.0 GPa), indicating that the ground state above
p ≈ 0.8 GPa is distinct from the charge-ordered state; ob-
viously we have entered a region where Dirac electrons
exist; in accord with previous dc transport measurements
[11].
A close inspection of σ1(ω, T ) at p = 0.8 GPa reveals
3a gradual transition at low temperatures. Since the vibra-
tional features at around 1300 cm−1 exhibit a rather large
intensity, we allocate the pressure of 0.8 GPa close to the
boundary between the insulator and Dirac metal state [29].
As shown in Fig. 2(a), the low-frequency conductivity is
suppressed below 90 K, and a pronounced peak develops
at around 800 cm−1 that we assign to excitations across an
energy gap and defined as a “pseudogap” openning. With
increasing pressure, this structure shifts to lower energies
and becomes gradually suppressed. We can unambigu-
ously trace the gap feature up to p = 1.6 GPa; but at
4.0 GPa we cannot resolve the band anymore within the
accessible temperature and energy range. Our discovery of
a metallic ground state with a gap feature is in line with the
anomalous upturn observed by pressure-dependent dc mea-
surements [11]. A similar behavior is observed in density-
wave systems with an only partially-gapped Fermi surface
[37, 38], or Mott insulators with metallic carriers remain-
ing [39, 40]; hencewe have to discuss the origin of the peak
structure and in-gap absorption in more detail.
Two-dimensional massless Dirac electrons manifest
themselves in a frequency-independent conductivity; the
interband conductivity per layer should be a universal con-
stant G(ω) = NπG0/4, with N the number of non-
degenerate Dirac cones and G0 = 2e
2/h¯ is the quan-
tum conductance. Such peculiar σ1(ω) behavior has been
discussed theoretically and experimentally, for instance,
in monolayer graphene [23] and quasi-two-dimensional
graphite [24]. As displayed in Fig. 2(f) σ1(ω) becomes
constant between 400 and 1200 cm−1 as pressure rises
from 0.8 to 1.3 GPa and then remains unchanged. The flat
conductivity observed in this large spectral range is taken
as strong evidence for massless Dirac fermions; the ob-
served value is quite close to the predicted conductance for
N = 2 [Fig. 2(d)]. In comparison to the case of graphite
and graphene, the energy region of the ω-independent con-
ductivity is limited due to the bandstructure, in agreement
with theory [35] and NMR experiments [17, 18].
With the modifications of the trivial bands and the ex-
istence of the Dirac state it is rather challenging to ana-
lyze the low-energy behavior of σ1(ω). Since the Drude
component below 300 cm−1 does not show a significant T -
dependence above 1.3 GPa, we suggest two contributions:
(i) the correlated massive electrons and (ii) the thermally
excited massless Dirac electrons. The former contribution
should become stronger as the temperature decreases. For a
pure Dirac system with the chemical potential located ex-
actly at the Dirac point, the spectral weight of the zero-
energy response should decrease upon cooling [24]. Mag-
netotransport and optical measurements [15, 16, 22] indi-
cate the coexistence of massive and Dirac carriers. This
coexistence can also explain the deviations from the quan-
tum resistence observed in ρ(T ) between 300 and 10 K
[10, 11, 15]. The tilting of the Dirac cones present in α-
(BEDT-TTF)2I3 [17, 18] leads to a strong anisotropy of
the Fermi velocity and modifies the interband transitions of
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FIG. 3. Pressure dependence of the changes in the optical con-
ductivity between T = 90 and 6 K. The peak structure indicated
by the arrows shifts toward lower energies and diminishes as
pressure increases. The solid lines correspond to ∆σ1(ω) cal-
culated from the electronic density of states given in the inset.
The pseudogap closes by pressure and is completely absent at
p = 4 GPa.
the Dirac electrons. In accord with Suzumura et al. [41] we
expect an effect only in the THz optical response (around
20 cm−1), and not at higher energies where we observe
σ1(ω) = const.
More recently, it was suggested that the massless Dirac
electrons are strongly correlated due to the unscreened
long-range Coulomb repulsion giving rise to an anomalous
increase in ρ(T ) [11], strong modification of the Fermi ve-
locity [17] and excitonic mass generation at low T [18].
Our optical results not only provide strong evidence of in-
teracting Dirac fermions, but give insight into the actual
density of electronic states. For a better illustration, in
Fig. 3 we plot the difference of the conductivity between
T = 6 and 90 K. The openning of a pseudogap is well
identified as peaks in ∆σ1(ω) and indicated by arrows.
From a proposed density of states as displayed in the in-
set for the different pressure values, a fitting to the dif-
ference of the optical conductivity (solid lines) can be ob-
tained. In our model we assume the optical joint density of
states to be proportional to ǫ2 = 4πσ1(ω)/ω and neglect
the effect of the matrix element [42] . At low tempera-
tures (T = 6 K) a pronounced pseudogap is present with a
significant reduction of the density of states. The spectral
weight missing below the gap is recovered at higher en-
ergies, which manifest itself with a spectral weight trans-
fer from low to high energies resulting an absorption peak
in the optical spectra. We defined the energy of this peak
4structure as 2∆ (shown with arrows in Fig. 2 and 3), and
for the pseudogap we obtain ∆ = 410, 350, and 310 cm−1
at p = 0.8, 1.3, and 1.6 GPa respectively; and it seemed to
be completely suppressed at 4.0 GPa. As can be seen from
the fittings in Fig. 3, with rising pressure, an assumption
of the decrease of ∆ and suppression of the pseudogap by
gradual filling in states from above can reproduce the ex-
perimental finding satisfactorily.
These findings can be compared to the gap values esti-
mated by Khveshchenko [20] using:
∆ = vF h¯Λexp[(−2π+4arctan
√
2α˜− 1)/(√2α˜− 1)]/kB ,
(1)
where α˜ = α/(1 + Nπα/8
√
2), and Λ = 0.667 A˚
−1
is
a momentum cutoff at the inverse lattice constant [36]. For
our estimation the dielectric constant ǫ
∞
≈ 4 was directly
extracted from the high frequency limit (supplementary
materials); the Fermi velocity vF ≈ 2.4− 10× 104 ms−1
was taken from Refs. [8, 10, 17]. With the assumption of
N = 2, we obtain ∆ ≈ 300 cm−1, in good agreement
with our optical data. There are two non-degerate Dirac
cones (N = 4) predicted [6, 8], which merge into one
at high pressure (N = 2) [7]. In combination of the ob-
served universal constant conductance and the pseudogap,
our present optical study yields strong evidence of a sin-
gle Dirac cone. In a theoretical study of uniaxial pressure
[43] it was recently predicted that α-(BEDT-TTF)2I3 ex-
hibits three-quarter Dirac points; further experiments have
to show whether this is of relevance for the optical conduc-
tivity.
The conclusions drawn from our pressure-dependent op-
tical investigations are summarized in the schematic den-
sity of states and σ1(ω) sketched in Fig. 4. At room tem-
perature and for low pressure, α-(BEDT-TTF)2I3 is a bad
metal with a very broad Drude contribution to σ1(ω) orig-
inating from the thermally excited electrons at the Fermi
energy. Upon cooling, these excitations freeze out and a
clear charge-order gap develops in the optical conductiv-
ity. With rising pressure these bands get closer to each
other and overlap, leading to a more-or-less narrow Drude
contribution (dark green curve). As we cool down, the
edges of the two bands develop linear dispersions. In the
high-pressure range σ1(ω) consists of three components:
(i) a low-energy Drude response (red area), (ii) frequency-
independent conductivity due to the Dirac electrons (blue
area) and (iii) mid-infrared band arising with the incoherent
transitions due to on-site and inter-site Coulomb repulsion
(green area). With further cooling, electronic correlations
cave in a pseudogap with states piling up at the edges. As
a result, the Drude spectral weight is transferred to finite
energies, leading to local peaks in σ1(ω) around 800 cm
−1
(blue curve). Note, the behavior is distinct from supercon-
ductivity, where the missing spectral weight condenses in
a δ(ω = 0)-peak [42]. The phase diagram as a function
of external pressure displayed in the lower part of Fig. 4
can be divided into three parts: (i) the charge order insu-
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FIG. 4. The schematic diagrams for the electronic structure
and corresponding optical conductivity of α-(BEDT-TTF)2I3 for
the low-pressure insulator state and the high-pressure Dirac state
at various temperatures. Here TPG stands for the temperature,
where the pseudogap starts to open. At the bottom the pressure
evolution of the various electronic phases of α-(BEDT-TTF)2I3
at low temperatures is summarized. For a detailed description see
Conclusions.
lating state at low pressure; (ii) metallic states in the inter-
mediate pressure regime consisting of massless Dirac elec-
trons, next to carriers in correlation-split and trivial bands;
(iii) above 4.0 GPa only the Dirac electronic state and car-
riers in trivial bands remain (dashed red curve). Our optical
results demonstrate clear fingerprints of the electronic cor-
relations between the Dirac electrons; the interaction can
be tuned by temperature and pressure. We call for comple-
mentary spectroscopic experiments to directly confirm our
findings and further efforts for a theoretical description of
our observations.
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“Electronic Correlations Among the Dirac Electrons in α-(BEDT-TTF)3I3
Unveiled by High-Pressure Optical Spectroscopy”
Weiwu Li, Ece Uykur, Christine A. Kuntscher, Martin Dressel
Experimental
The temperature-dependent high pressure reflectivity measurements were performed on α-(BEDT-TTF)2I3 single crys-
tals with the typical size of 300 µm × 300 µm × 60 µm. Two pieces of flat, high-quality crystals, cut from the same big
piece, were used for the far-infrared and the middle-infrared measurements. E || ab-plane measurement configuration has
been chosen and measurements have been conducted without a polarizer.
Samples were placed inside a diamond anvil cell (DAC) with a culet diameter of 900 µm with ruby spheres as the high
pressure manometers. Finely grounded CsI powder was employed as a quasihydrostatic pressure transmitting medium.
Standart ruby luminescence technique [S1] has been used to determine the pressure inside the cell at each temperature.
Temperature-dependent reflectivity measurements were performed from ∼ 100 to 8000 cm−1 between 6 and 300 K
using a homebuilt IR-microscope setup that is coupled to a Bruker Vertex 80v Fourier transform infrared spectrometer
[S2]. The measured pressure range extends up to ∼ 4 GPa. The reflectivity spectra were measured at the sample diamond
interface, using the CuBe gasket inside the DAC as reference. Afterwards, the intensity of the measured reflectivity was
normalized by the intensity reflected from the CuBe gasket at the gasket-diamond interface.
Optical conductivity spectra have been obtained with Kramers-Kronig analysis from reflectivity measurements [S3].
Between 1700 and 2800 cm−1 the multiphonon absorption of the diamond anvil affects the measured spectra, therefore, in
this energy range a linear extrapolation have been used for further analysis. Despite the bad metallicity in this system, the
reflectivity shows a clear upturn. Therefore, in the low energy range Hagen-Rubens extrapolation has been chosen. For
the high energy range a flat conductivity followed by ω−4 free carrier approximation have been utilized.
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FIG. S1. Temperature and pressure-dependent reflectivity (a-d) and corresponding optical conductivity (e-h) spectra of α-(BEDT-
-TTF)2I3 . A linear extrapolation have been used in the multiphonon diamond absorption region shown with dashed curves (a-d).
Arrows mark the spectral weight transfer due to pseudogap behavior.
7Reflectivity and Optical Conductivity
Fig. S1 present the temperature-dependent reflectivity (a-d) (as-measured) and the calculated optical conductivity spectra
(e-h) for various pressures.
In Figure S1(a-c), one can see the suppression of the low frequency reflectivity below a certain temperature, while a
clear bending of the spectra is also marked with arrows, which give rise the absorption-like feature in the corresponding
optical conductivity spectra (Fig. S1(e-g)). At 4.0 GPa this behavior is suppressed and/or shift to the very low energy range
that we cannot resolve it anymore. This absorption feature has been discussed in the mansucript in terms of pseudogap
behavior, which is also can be clearly seen in the as-measured spectra. While the origin and the behavior of the vibration
modes are out of scope of this study, we preferred to subtract them to make the discussion easier.
Due to the complex structure of this material many small vibration modes are expected [S4, S5]. We can consistently
resolve the ones with high enough contributions. Especially three of these vibration modes are quite big and contribute
to the spectra significantly, namely, ν3, ν7, and ν9 modes. In Fig. S2 (a,b), we demonstrated the overall fitting of our
0.8 GPa spectra for two different temperatures above and below the pseudogap behavior. In Fig.S2(c), the spectra witout
the vibration modes (as given in the manuscript) is given with the individual contributions for each temperature: Drude
(red), high energy Lorentz (blue) and vibration modes (green) for 90 K (dotted) and 6 K (solid) and additional absorption
feature (orange) for the 6 K spectrum.
The energy range of the determined vibration modes are fit well with the literature. Moreover, they show sharpening
with decreasing temperature, as one would expect. In Fig. S2(b), we also demonstrated the best fitting to the experiment
without taking into account the broad absorption feature due to the pseudogap behavior. As one can see, it is not possible
to reproduce our spectrum without this broad mode.
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behavior. Blue fitting in (b) is the best fitting to the experiment without taking into account the broad absorption feature due to
pseudogap behavior. (c) shows the vibration modes subtracted spectra as given in the manuscript and the individual contributions for
each temperature: Drude (red), high energy Lorentz (blue) and vibration modes (green) for 90 K (dotted) and 6 K (solid) and additional
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Charge-order boundary
The ambient and low pressure regime (up to 0.8 GPa) show a charge ordered (CO) ground state at low tempera-
tures, while the high pressure regime is distinctly different with a clear Drude-like response of the trivial bands and
ω-independent σ1(ω) giving evidence the existance of Dirac electrons. On the other hand, 0.8 GPa spectra can be classi-
fied neither like the low pressure regime nor like the high pressure range.
As can be seen from Fig. S3, at ambient pressure, at 150 K just above the CO transition, the absolute value of the
reflectivity increases steeply with decreasing frequency in the low energy range, a typical semi-metallic behavior. Below
the CO temperature (TCO) the behavior changes to the insulating one with a sudden drop of the reflectivity at the low
energy range and the vibration modes become sharper. The calculated σ1(ω) can describe this first order transition
very well: The non-zero but relatively small SW below 400 cm−1 at 150K is suppressed when the first order transition
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FIG. S3. Reflectivity (a,c) and optical conductivity (b,d) of α-(BEDT-TTF)2I3 at ambient pressure (left) and 0.8 GPa (right).
are reached at TCO with a clear gap opening (marked with green arrow in Fig. S3(b)). As for the 0.8 GPa spectra,
disappearence of the sharp drop of the optical conductivity suggest that the charge ordering is not the case for this
pressure, while the lack of ω-independent optical conductivity indicate that the system is not in the Dirac regime, either.
The existence of the significantly large vibration mode at around 1300 cm−1 compared to the higher pressure range
further support that this pressure is somewhat very close to the crossover regime.
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FIG. S4. Pressure-dependent real part of the dielectric constant (ǫ1) of α-(BEDT-TTF)2I3 at room temperature.
9Determination of ǫ∞
As given in the manuscript, the theoretical excitonic gap estimation requires one to have knowledge of ǫ
∞
, which can
be estimated from the optical conductivity spectra. ǫ
∞
can be defined as the contribution of the higher energy optical
transitions to ǫ1 (real part of the permittivity), which one can obtain from optical conductivity as ǫ1(ω) = 1−4πσ2(ω)/ω.
While one can obtain the real σ1(ω) and imaginary σ2(ω) part of the optical conductivity from measured reflectivity via
Kramers-Kronig analysis. The obtained ǫ1(ω) is given in Fig. S4 for various pressures at room temperature. The value
of ǫ1(ω) at the high energy limit is ≈ 4, which can be taken as ǫ∞. The temperature-independent optical conductivity at
high energy range (Fig. S1 (e-h)) suggests this value does not change with temperature as well.
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